Aberrant proliferation and activation of lung fibroblasts contribute to the initiation and progression of idiopathic pulmonary fibrosis (IPF). However, the mechanisms responsible for the proliferation and activation of fibroblasts are not fully understood. The objective of this study was to investigate the role of miR-101 in the proliferation and activation of lung fibroblasts. miR-101 expression was determined in lung tissues from patients with IPF and mice with bleomycin-induced pulmonary fibrosis. The regulation of miR-101 and cellular signaling was investigated in pulmonary fibroblasts in vitro. The role of miR-101 in pulmonary fibrosis in vivo was studied using adenovirusmediated gene transfer in mice. The expression of miR-101 was down-regulated in fibrotic lungs from patients with IPF and bleomycin-treated mice. The down-regulation of miR-101 occurred via the E26 transformation-specific (ETS) transcription factor. miR-101 suppressed the WNT5a-induced proliferation of lung fibroblasts by inhibiting NFATc2 signaling via targeting Frizzled receptor 4/6 and the TGF-␤-induced activation of lung fibroblasts by inhibition of SMAD2/3 signaling via targeting the TGF-␤ receptor 1. Adenovirus-mediated miR-101 gene transfer in the mouse lung attenuated bleomycin-induced lung fibrosis and improved lung function. Our data suggest that miR-101 is an anti-fibrotic microRNA and a potential therapeutic target for pulmonary fibrosis.
Idiopathic pulmonary fibrosis (IPF) 2 is a lethal fibrotic lung disease characterized by enhanced fibroblast proliferation, collagen synthesis, extracellular matrix deposition, and alveolar epithelial type II cell hyperplasia. The IPF fibroblastic focus consists of activated fibroblasts in a collagen-rich matrix. Sev-eral cell types have been posited as a source for IPF fibroblasts, including (i) local resident pulmonary fibroblasts (1, 2) , (ii) epithelial-to-mesenchymal transition (3) (4) (5) , and (iii) circulating fibrocytes (6, 7) . Recently, mesenchymal progenitor cells, isolated from human IPF lung tissue, have been shown to serve as a cell-of-origin for disease-mediating IPF fibroblasts (8) . However, the relative contribution of each of these sources to the fibroproliferative process remains unclear. Nevertheless, the abnormal proliferation and activation of fibroblasts are thought to be the major factors driving fibrotic progression in IPF (9, 10) .
MicroRNAs (miRNAs) have been implicated in a number of lung diseases, including lung cancer, asthma, lung inflammation, chronic obstructive pulmonary diseases, and IPF. Let-7 is expressed in alveolar epithelial cells and is down-regulated in IPF. The inhibition of let-7 results in epithelial-tomesenchymal transition and collagen deposition (11) . However, whether restoration of let-7 can prevent or reverse pulmonary fibrosis in animal models is unknown. Another down-regulated miRNA in IPF is miR-29, which is localized in interstitial cells and regulates fibrotic genes in fibroblasts in vitro (12) . miR-29 is also a key player in the remodeling of the extracellular matrix in IPF (13) and has recently been shown to inhibit bleomycin-induced lung fibrosis (14) . miR-21 is up-regulated in myofibroblasts in IPF, and antisense miR-21 attenuates bleomycin-mediated pulmonary fibrosis (15) . Notably, let-7, miR-29, and miR-21 target TGF-␤ signaling and/or are regulated by TGF-␤ (11, 12, 15) . Hypoxia-inducible miR-210 enhances fibroblast proliferation (16) . miR-326 directly targets TGF-␤, thereby reducing pulmonary fibrosis (17) . Our recent studies have shown that miR-424 promotes myofibroblast differentiation during epithelial-to-mesenchymal transition (18) . Because the expression of many miRNAs is altered in IPF, these studies underscore the need for further investigations to identify critical miRNAs that regulate key pathways for pulmonary fibrosis.
In this study, we identified miR-101 as one of the most downregulated miRNAs in IPF patients. miR-101 inhibited the proliferation and activation of lung fibroblasts by targeting the receptors of the non-canonical Wnt and TGF-␤ signaling pathways. Adenovirus-mediated gene transfer of miR-101 to the lung reduced pulmonary fibrosis in a pre-clinical mouse model.
Thus, our studies demonstrated that miR-101 is an anti-fibrotic miRNA.
Results

miR-101 is down-regulated in IPF
Using an miRNA microarray, we analyzed global miRNA expression profiles of the lung tissues from 28 IPF patients obtained from the Lung Tissue Research Consortium. The IPF patient specimens were classified into three groups according to the pre-bronchodilator forced vital capacity (FVC) % value: group 1, normal lung function (FVC% Ͼ80); group 2, mild lung restriction (FVC 50 -80%); and group 3, severe lung restriction (FVC Ͻ50%). We found 29 miRNAs that were significantly altered between at least two groups ( Table 1 and Fig. 1a ). We verified the changes of 14 selected miRNAs using real-time PCR (Figs. 1b and 2) .
We performed miRNA-target predictions and pathway analysis using TargetScan and KEGG. miR-101 had predicted targets in TGF-␤ and Wnt signaling that are involved in fibroblast proliferation and activation ( Table 2) . Furthermore, miR-101 had the greatest change in IPF lungs among the down-regulated miRNAs. Therefore, we chose miR-101 for further study.
There are two miR-101 isoforms, miR-101-1 and miR-101-2 in humans and miR-101a and miR-101b in mice. All of the miR-101 isoforms have the same mature sequence, with the exception of miR-101b, which has one base difference. Real-time PCR analyses in this study were based on the human miR-101 or mouse miR-101a mature sequences. Consistent with our findings using human lung tissue, we found that mouse miR-101a expression was reduced in the lung tissue from an experimental mouse model of bleomycin-induced pulmonary fibrosis (Fig. 1c ). miR-101a downregulation was also observed in fibroblasts isolated from bleomycin-treated mice (Fig. 1c) .
It was reported that there is an miRNA processing defect in IPF, which may cause a more global decrease in multiple miR-NAs (19) . However, similar to mature miRNAs, the expression levels of pri-miR-101-a and pri-miR-101-b in the lung tissues of the bleomycin-treated mice were also lower than these of the control groups ( Fig. 1d ), suggesting that the miRNA processing defect is not the major mechanism for the down-regulation of miR-101 in IPF.
miR-101 is regulated by the ETS transcription factor
Human miR-101-2 is intragenic and located within the protein-coding RCL1 gene on chromosome 9, suggesting that it is co-regulated with the host RCL1 gene. In contrast, human miR-101-1 is intergenic and located in chromosome 1. Therefore, we examined the transcription start site of miR-101-1 using the RACE assay. We chose six primers at different positions upstream of precursor miR-101 for the 5Ј-RACE reaction ( Table 5 ). Only one PCR product (500 bp) was obtained using the primer PROM-MIR-101-1-RE4 (GTGTCGGTCAACG-GCATCCTTTCT) among all of the primers tested. Sequencing analysis revealed that the amplified RACE cDNA product was located upstream of miR-101-1. Then, the sequence of the RACE product was used to search the NCBI and UCSC genome databases. We found several ESTs (including BU786820, BX476649, and AI275070) located downstream of the RACE 
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product. These ESTs were assembled into a transcript and aligned with the human genome. The assembled transcript was primary miR-101-1, with a length of 1,183 bp. Primary miR-101-1 consists of three exons, with miR-101-1 located in exon 3 (Fig. 3a ). The sizes of three exons are 129, 175, and 879 bp. Primary miR-101-1 has a typical poly(A) tail signal (AATAAA). The host miR-101-1 gene is 9,944 bp. The transcription start site is located at position chr1:65067704 (genome version hg38). The transcriptional start site distance to the pre-miR-101-1 is 9,224 bp. Promoter analysis using TRANSFAC 8.3 revealed that there were six and five predicted ETS transcription-binding sites in the 2.5-kb region upstream from the transcription start site of human miR-101-1 and miR-101-2, respectively ( Fig. 3a ). Therefore, we determined whether ETS1/2 affected miR-101 promoter activity. ETS1/2 increased the promoter activities of Figure 1 . miR-101 expression is down-regulated in fibrotic lungs. a, heat map of miRNA expression in IPF patients. Heat map of these dysregulated miRNAs was built by using GenePattern software (http://www.broadinstitute.org/cancer/software/genepattern). 3 b, miR-101 expression in IPF lungs. miRNA microarray and real-time PCR were performed using total RNA isolated from the lung tissues of IPF patients. n ϭ 10 for the Ͻ50% FVC group, n ϭ 10 for the 50 -80% FVC group, and n ϭ 8 for the Ͼ80% predicted FVC group. Real-time PCR results were normalized to U6. Data were expressed as a ratio over the Ͼ80% FVC group. c and d, real-time PCR analysis showing the down-regulation of mature miR-101a, pri-miR-101a, and pri-miR-101b expression in the lungs (n ϭ 6) and mature miR-101a expression in the fibroblasts (n ϭ 3) isolated from saline (Sal)-and bleomycin (Bleo)-treated mice. The expression levels were normalized to U6 (for mature miR-101) or GAPDH (for pri-miR-101) and were expressed as a ratio of saline. The results are presented as the mean Ϯ S.E. ANOVA followed by Tukey's HSD test was performed for multiple comparisons. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
both miR-101-1 and miR-101-2 in HFL1 fibroblasts although their effects on miR-101-1 were bigger. (Fig. 3b ). The overexpression of ETS1 and ETS2 was confirmed by Western blot analysis ( Fig. 3c ).
To determine which predicated ETS-binding sites are functional, we tested whether the mutation of selected ETS-binding sites abolished the ETS-induced miR-101 promoter activity. Considering that the conserved binding sites of a transcription factor are usually functional, we only mutated the conserved ETS-binding sites: binding sites 1 and 5 in the human miR-101-1 promoter and binding site 2 in the human miR-101-2 promoter. We found that ETS1-or ETS2-induced miR-101-1 promoter activities were significantly suppressed by the mutation of binding site 1, but not binding site 5, suggesting that ETS1/2 likely binds the binding site 1 in the miR-101-1 promoter. The mutation of binding site 2 in the miR-101-2 promoter had no effects on ETS1-or ETS2-induced miR-101-2 promoter activities (Fig. 3b ). The ETS-binding sites that are responsible for the effects of ETS1/2 on miR-101-2 promoter activity remain to be determined.
To determine whether endogenous miR-101 expression was regulated by ETS1/2, we reduced the ETS1/2 protein level in CCD-8Lu fibroblasts using lentiviral shRNAs ( Fig. 3d ). Silencing of either ETS1 or ETS2 inhibited miR-101 expression by 50 -60% (Fig. 3e ). The ETS1 and ETS2 mRNA expression levels were significantly down-regulated in fibrotic lungs ( Fig. 3f ).
miR-101 inhibits fibroblast proliferation through WNT5a-NFATc2 signaling
The proliferation of fibroblasts is postulated to be one of the major contributors to the increase in the number of fibroblasts in the fibroblastic foci. A prior study has found that WNT5a is up-regulated in IPF and promotes fibroblast proliferation (20) . We found that WNT5a and -5b were the major WNT ligands expressed in pulmonary fibroblasts from normal human lungs (HFL1) and IPF lungs (LL29) (Fig. 4a ). Gain of function of WNT5a increased the proliferation of HFL1 and LL29 fibroblasts, whereas loss of function of WNT5a decreased their proliferation ( Fig. 4 , b-d); this result is consistent with a previous report (20) . Figure 2 . Verification of the miRNA microarray data. miRNA microarray and real-time PCR were performed using total RNA isolated from the lung tissues of IPF patients. n ϭ 10 for the Ͻ50% FVC group, n ϭ 10 for the 50 -80% FVC group, and n ϭ 8 for the Ͼ80% predicted FVC group. Real-time PCR results were normalized to U6. Data were expressed as a ratio over the Ͼ80% FVC group. The results are presented as the mean Ϯ S.E. *, p Ͻ 0.05 versus Ͼ80% FVC group in the microarray analysis. #, p Ͻ 0.05 versus Ͼ80% FVC group in the real-time PCR analysis.
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WNT5a binds with the Frizzled receptor/Ror and activates the heterotrimeric G-protein and phospholipase C, leading to the generation of inositol 1,4,5-trisphosphate and an increase in Ca 2ϩ (21) . This activates calcineurin, which dephosphorylates NFAT and results in the translocation of NFAT into the nucleus (22) . Treatment of LL29 cells with recombinant WNT5a led to NFATc2 nuclear translocation, as determined by immunofluorescence analysis (Fig. 5a ). Cyclosporin A (CsA), an inhibitor of calcineurin, reduced WNT5a-induced fibroblast proliferation ( Fig. 5b ). Knockdown of FzD4, FzD6, and NFATc2 also inhibited WNT5a-induced fibroblast proliferation ( Fig. 5, c and d) . Real-time PCR showed that WNT5a mRNA level was increased in IPF patients (Fig. 5e ). This result is consistent with a previous report (20) . NFATc2 mRNA level was also increased in the severe IPF groups, but it did not reach a significant level ( Fig. 5f ). These data indicate that WNT5ainduced fibroblast proliferation occurs through NFATc2 signaling in pulmonary fibroblasts.
To examine the effects of miR-101 on fibroblast proliferation, we overexpressed human miR-101 in LL29 fibroblasts with a miR-101-1 lentivirus and then stimulated them with WNT5a. miR-101 inhibited WNT5a-induced fibroblast proliferation by using the BrdU cell proliferation assay (Fig. 6a ). This result was further confirmed by histological staining of BrdU, which showed the increased stained cell numbers and intensity in the WNT5a-treated cells (Fig. 6b ). Moreover, miR-101 also suppressed NFATc2 signaling based on the observation that it decreased WNT5a-induced NFATc2 nuclear translocation and NFATc2 mRNA levels (Fig. 6, c and d) . Silencing FZD4 and FZD6 suppressed the WNT5a-induced NFATc2 nuclear translocation ( Fig. 6e ). These results suggest that miR-101 inhibits WNT5a-stimulated cell proliferation through WNT5a/NFATc2 signaling.
miR-101 inhibits fibroblast activation via TGF-␤/Smad2/3 signaling
Myofibroblasts are a cellular major component of fibroblastic foci. They are characterized by induced ␣-SMA expression and stress fiber formation, an enhanced contractile ability, and an increase in collagen synthesis and deposition (23, 24) . Fibroblasts are stimulated to differentiate to myofibroblasts via TGF-␤/Smad2/3 signaling. Overexpressing miR-101 in LL29 IPF fibroblasts inhibited TGF-␤1-induced protein expression of ␣-SMA and the collagens COL1A1 and COL3A1 ( Fig. 7a ) and mRNA expression of ␣-SMA and the collagens COL1A1, COL3A1, and COL4A1 ( Fig. 7b ). In contrast, anti-miR-101 increased the protein and mRNA levels of ␣-SMA and the collagens in CCD-8 Lu normal lung fibroblasts (Fig. 7, c and d) . Furthermore, miR-101 reduced TGF-␤1-induced contractile activity as determined by the collagen gel assay and stress fiber formation ( Fig. 7 , e and f). ELISA showed that phosphorylated Smad2/3 were induced by TGF-␤1 treatment and reached a peak at 30 min. miR-101 inhibited TGF-␤1-induced Smad2/3 phosphorylation ( Fig. 8a ). Real-time PCR showed that the mRNA expression of SMAD2 and SMAD3 was not significantly altered in the lung tissues of IPF patients (Fig. 8b) . These results suggest that miR-101 inhibits TGF-␤-mediated fibroblast differentiation to myofibroblasts via SMAD2/3 signaling.
FZD4, FZD6, and TGFBR1 are the targets of miR-101
TargetScan predicts FZD4, FZD6, and TGFBR1 as potential targets of miR-101. There are two miR-101-binding sites in the 3Ј-UTRs of human FZD4 and TGFBR1 and one in FZD6. The binding sites of miR-101 in the 3Ј-UTRs of FZD4, FZD6, and TGFBR1 are conserved in humans, mice, cows, and dogs (http://www.targetscan.org). 3 We cloned each of the binding sites with flanking sequences downstream of the firefly luciferase gene under the control of the PGK promoter in the pmir-GLO reporter. Transfection of miR-101 into HEK 293T cells inhibited the reporter activities of both FzD4-S1-UTR and FzD4-S2-UTR ( Fig. 9a ), indicating that miR-101 bound to both sites. However, miR-101 inhibited the TGFBR1-S2-UTR but not the TGFBR1-S1-UTR reporter activities, suggesting that miR-101 only bound to site 2, but not site 1, in the 3Ј-UTR of TGFBR1. miR-101 also inhibited the reporter activity of FZD6 3Ј-UTR (nucleotides 1-1,356). Infection of HLF1 fibroblasts with a lentivirus expressing miR-101 reduced the endogenous protein and mRNA levels of FZD4, FZD6, and TGFBR1 ( Fig. 9, b and d) , whereas anti-miR-101 increased the protein and mRNA expression of all three targets ( Fig. 9 , c and e). The mRNA levels of FZD4, FZD6, and TGFBR1 were up-regulated in the lungs of IPF patients ( Fig.  9 , f-h) and were inversely correlated with miR-101 expression ( Fig. 1b ). Knockdown of TGFBR1 inhibited the Table 2 Signaling pathways predicted to be regulated by miR-101
Mapping miR-101 to signaling pathways was accomplished using DIANA-miRpath software. The KEGG pathway targeted by miR-101 with false discovery rate corrected p value less than 0.05 were listed in the 
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TGF-␤1-induced mRNA expression of ␣-SMA, COL1A1, COL3A1, and COL4A1 ( Fig. 10, a-d ). Furthermore, overexpression of FZD4 or FZD6 rescued the inhibition of miR-101 on fibroblast proliferation ( Fig. 10 , e and f). The overexpression of TGFBR1 also rescued the inhibition of miR-101 on the mRNA expression of ␣-SMA, COL1A1, and COL3A1 in Conserved ETS-binding site 2 (ATTCCTC) in human miR-101-2 promoter was mutated to site 2 (ATagcaC). HFL1 cells were transfected with 50 ng of the promoter reporter construct of miR-101-1 wild type (WT), miR-101-1-mute1, miR-101-1-mute5, miR-101-2 WT, and miR-101-2-mute2, 100 ng of the pCMV-ETS1, pCMV-ETS2 or control (CON) vector, and the normalization TK vector for 48 h. Firefly and Renilla luciferase activities were measured. ETS1 and ETS2 protein levels were determined by Western blotting. Data were expressed as a fold change over the control vector. n ϭ 3. d and e, miR-101 expression in ETS1/2 knockdown CCD-8Lu fibroblasts. Fibroblasts were treated with lentiviral ETS1 or ETS2 shRNA or the virus control at an m.o.i. of 100 for 48 h. ETS1 and ETS2 protein levels were determined by Western blotting. miR-101 expression was determined by real-time PCR and normalized to U6 snRNA, n ϭ 4. f, down-regulation of ETS1 and ETS2 mRNA expression in saline (Sal)-and bleomycin (Bleo)-treated mouse lung tissues. The expression of ETS1/2 was relative to GAPDH. n ϭ 3. The results are presented as the mean Ϯ S.E. ANOVA followed by Tukey's HSD test was performed for multiple comparisons. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
LL29 fibroblasts ( Fig. 10, g-j) . These results suggest that FZD4, FZD6, and TGFBR1 are miR-101 targets.
miR-101 attenuates bleomycin-induced pulmonary fibrosis in mice
We have found that miR-101 inhibits WNT5a-induced fibroblast proliferation and TGF-␤1-induced fibroblast activation. Therefore, we hypothesized that inhibition of fibroblast proliferation and activation by miR-101 gain of function would reduce excessive extracellular matrix deposition and prevent the development of pulmonary fibrosis in response to bleomycin. To test this hypothesis, we examined the effect of overexpression of miR-101 in mouse lungs using adenovirus-mediated gene transfer on bleomycin-induced pulmonary fibrosis. The gene transfer resulted in an ϳ2-fold increase in miR-101 expression in the lung (Fig. 11a ). H&E analysis revealed reduced fibrosis in the miR-101-treated group (Fig. 11b ), which was confirmed by quantitation of lung fibrosis using an Ashcroft score (Fig. 11c ). miR-101 also inhibited lung collagen content as measured by hydroxyproline assay (Fig. 11d ). Furthermore, miR-101 reduced bleomycin-induced COL1A1 and COL3A1 expression ( Fig. 11 , e and f). Importantly, lung function was improved in the miR-101-treated group, as evidenced by the decrease in elastance (Ers) and tissue elastance (H) (Fig.  11, g and h) . The mRNA levels of NFATc2, FZD6, and TGFBR1 were increased in the lungs of mice with bleomycin-induced fibrosis, and miR-101 suppressed the increases (Fig. 11, i and j) . The similar changes were observed for the FZD4 mRNA level but did not reach a significant level.
Discussion
In this study, we discovered that the miR-101 level was reduced in the lungs of patients with IPF. miR-101 expression was regulated by the ETS transcription factor. Notably, miR-101 reduced pulmonary fibrosis by inhibiting fibroblast proliferation and differentiation via the WNT5a/NFATc2 and TGF-␤/Smad2/3 pathways ( Fig. 12 ).
miR-101 was originally identified as a tumor suppressor, and its expression was reduced in many cancers due to genomic loss. miR-101 inhibited cell proliferation and invasion in cancer cells by targeting EZH2 (25) and inhibited autophagy and sensitized cancer cells to chemotherapeutic drug-induced cell death (26, 27) . The effect of miR-101 on angiogenesis is contradictory, and both pro-and anti-angiogenic effects have been reported (28, 29) . miR-101 enhanced LPS-induced pro-inflammatory cytokine production in macrophages via the activation of MAPK by targeting MAPK phosphatase-1 (30) . Finally, miR-101 has been shown to inhibit liver and cardiac fibrosis (31, 32) .
We identified the transcription start site of miR-101-1 using the RACE assay. Further analysis revealed that the primary miR-101-1 transcript was composed of three exons, and the mature miR-101 was located in exon 3. However, a recent 
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report showed that the human primary miR-101-1 transcript consisted of two exons in hepatocyte-derived cells (33) . The transcription start site in hepatocytes was located five nucleotides upstream of the transcription start site that we identified in lung cells. Alternative splicing and the transcription start site of the miR-101 gene in different cells may account for these differences. The presence of multiple ETS-binding sites in the miR-101-1 and miR-101-2 promoters and the decrease in ETS1/2 expression in bleomycin-treated lungs suggest that the ETS transcription factors may regulate miR-101 expression. ETS2 has been shown to be involved in the pathogenesis of pulmonary fibrosis (34) .
Non-canonical Wnt signaling has been relatively less studied in IPF. We found that WNT5a and -5b served as the WNT ligands in pulmonary fibroblasts and that WNT5a induced fibroblast proliferation, which was consistent with a previous report (20) . WNT5a induced fibroblast proliferation via the NFATc2 transcription factor, which was supported by the following observations: (i) WNT5a induced the nuclear translocation of NFATc2; (ii) inhibition of calcineurin decreased WNT5a-stimulated fibroblast proliferation; and (iii) reduction of FzD4/6 and NFATc2 protein levels by RNAi inhibited WNT5a-induced fibroblast proliferation.
Importantly, we discovered that miR-101 suppressed WNT5a-induced pulmonary fibroblast proliferation. The following evidence supports that the miR-101 inhibition of fibroblast proliferation is the result of the repression of WNT5a/ NFATc2 signaling: (i) FZD4/6 are the direct targets of miR-101; (ii) miR-101 inhibits NFATc2 nuclear translocation; (iii) miR-101 reduced WNT5a-induced NFATc2 mRNA levels; and (iv) miR-101 levels were inversely correlated with FZD4 and FZD6 expression in the lungs of IPF patients. Our studies revealed LL29 cells were serum-starved for 24 h and then stimulated with none (CON) or WNT5a (1 g/ml) for 4 h. The cells were fixed for immunocytochemical analysis using anti-NFATc2 antibodies and Alexa Fluor 488-conjugated secondary antibodies. Nuclei were stained with DAPI. Scale bar, 50 m. b, inhibition of fibroblast proliferation by CsA. LL29 cells were treated with CsA (1 g/ml) for 24 h and then stimulated with 1 g/ml WNT5a for 12 h. Cell proliferation was determined by the BrdU assay. n ϭ 3. c and d, effects of silencing FZD4, FZD6, and NFATc2 on fibroblast proliferation. LL29 cells were infected with a lentivirus expressing shRNA targeting FZD4, FZD6, or NFATc2 (siFZD4, siFZD6, or siNFACTc2, respectively) or a virus control (siCON) at an m.o.i. of 50 for 48 h. Protein levels were determined by Western blotting. The silenced cells were serum-starved for 24 h and then stimulated with 1 g/ml WNT5a for 12 h. Cell proliferation was determined by the BrdU assay. n ϭ 3-6. e and f, WNT5a and NFATc2 expression in IPF patients. Real-time PCR were performed using total RNA isolated from the lung tissues of IPF patients. n ϭ 10 for the Ͻ50% FVC group, n ϭ 10 for the 50 -80% FVC group, and n ϭ 8 for the Ͼ80% predicted. The expression level was relative to GAPDH. The results are presented as the mean Ϯ S.E. ANOVA followed by Tukey's HSD test was performed for multiple comparisons. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
that the molecular mechanism underlying the control of fibroblast expansion by miR-101 was the regulation of WNT5a-FZD4/6-NFATc2 signaling.
TGF-␤ stimulates collagen synthesis and extracellular matrix deposition (1, 2) . TGF-␤ transduces its signals by binding to the transmembrane receptor TGFBR1, and it regulates the expres-sion of numerous genes through their downstream effectors (the SMAD proteins). miR-101 inhibited TGF-␤-induced fibroblast activation, as evidenced by the inhibition of collagen synthesis, reduced ␣-SMA mRNA and protein expression, decreased stress fiber formation, and enhanced contractile ability. The effect of miR-101 on fibroblast activation was due to its Then, the cells were stimulated with 5 ng/ml TGF-␤1 for 48 h. Western blotting and real-time PCR were performed to determine the protein and mRNA expression levels. The expression levels were relative to GAPDH. n ϭ 3 cell preparations. c and d, effect of miR-101 knockdown on the protein and mRNA expression of ␣-SMA, COL1A1, and COL3A1. CCD-8Lu fibroblasts were treated with lentiviral anti-miR-101 or the virus control at an m.o.i. of 50 for 72 h, and protein and mRNA expression was determined by Western blotting and real-time PCR. The expression levels were relative to GAPDH from two cell preparations, each performed in duplicate. e, miR-101 suppresses TGF␤-1-induced collagen gel contraction in LL29 cells. f, LL29 cells were treated with lentiviral miR-101 or the virus control at an m.o.i. of 50 for 48 h. Then, the cells were stimulated with 5 ng/ml TGF-␤1 for 48 h. The cells were fixed for immunocytochemical analysis with the anti-␣-SMA antibody and Alexa Fluor 546-conjugated second antibody. Nuclei were stained with DAPI. Scale bar, 50 m. The results are presented as the mean Ϯ S.E. ANOVA followed by Tukey's HSD test was performed for multiple comparisons. *, p Ͻ 0.05; **, p Ͻ 0.01.
inhibition of TGF-␤/SMAD2/3 signaling, which was supported by the following observations. (i) TGFBR1 was identified as the target of miR-101 by the 3Ј-UTR reporter assay, and the endogenous TGFBR1 protein levels changed due to the manipulation of the miR-101 levels. This is consistent with a recent report in hepatic stellate cells (31) . (ii) Silencing of TGFFBR1 had similar effects to miR-101 on fibroblast activation. (iii) miR-101 inhibited the phosphorylation of SMAD2/3 induced by TGF-␤1.
Emerging evidence suggests that suppressing up-regulated miRNAs or restoring the activities of the down-regulated miR-NAs associated with disease could become a novel therapeutic strategy. Adeno-associated viruses have been used for the delivery of miRNAs in vivo to restore their activity; its therapeutic potential has been validated in a mouse model of lung carcinoma (35) . Therapeutic delivery of miR-29 mimics by intravenous injections in the tail vein reversed pulmonary fibrosis in the bleomycin-induced mouse fibrosis model (14) . In this study, adenovirus-mediated miR-101 lung delivery reduced the fibrotic changes in bleomycin-treated mouse lungs and also improved pulmonary function. Thus, miR-101 may be a potential therapeutic miRNA for the treatment of pulmonary fibrosis.
Experimental procedures
IPF lung tissues and RNA isolation
Twenty eight IPF patient lung tissue samples were obtained from the Lung Tissue Research Consortium. All of the samples were submerged in RNAlater solution and stored at Ϫ80°C prior to use. Total RNA was isolated from these lung tissues using TRI Reagents (Molecular Research Center, Cincinnati, OH). The RNA concentration and quality were determined with the NanoDrop ND-1000 spectrophotometer (NanoDrop Tech., Rockland, DE) with an A 260 /A 280 ratio of Ͼ1.8 and an A 260 /A 230 ratio of Ͼ1.7.
miRNA microarray analysis
miRNA microarray slides were printed in-house using the miRCURY LNA TM ready-to-spot probe set 11.0 (Exiqon, Woburn, MA) composed of 1,282 human mature miRNAs. Total RNA was isolated from IPF lung tissues using TRI Reagents (Molecular Research Center, Cincinnati, OH). A common reference containing total RNAs pooled from 20 normal human tissues was purchased from Ambion (Grand Island, NY) (catalogue no. AM6000). Microarray hybridization and data analyses were performed as described previously (36) . In brief, 400 ng of total RNAs from IPF lung tissues or the common reference were labeled with Hy3 or Hy5 using the miRCURY LNA TM microRNA power labeling kit (Exiqon, Woburn, MA). A dye swap was performed to eliminate dye bias. Each IPF sample was hybridized to an miRNA microarray slide with the common reference for 16 -18 h at 56°C. The hybridized slides were scanned with ScanArray Express (PerkinElmer Life Sciences). The images were analyzed using GenePix 5.0 pro (Axon Instruments, Inc., Union City, CA) for data extraction. The images and raw data were imported into the RealSpot software that was developed in our laboratory for quality control and Lowess normalization (37) . miRNAs with an average quality index of less than 1 were filtered. A two-tailed Student's t test assuming unequal variance was performed to identify differentially expressed miRNAs in the lung tissues of IPF patients. p Ͻ 0.05 was considered to be significant.
Real-time PCR
The miRNA expression levels were determined by SYBR Green I-based real-time PCR as described previously (38) . One microgram of DNase-treated total RNA was poly(A)-tailed and purified by phenol/chloroform extraction. The poly(A)-tailed RNAs were reverse-transcribed into cDNA with an miRNAspecific primer ( Table 3 ). The real-time PCR thermal conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Data were analyzed by the comparative ⌬Ct method using U6 small nucleolar RNA as an endogenous reference gene. The mRNA expression levels were also determined using real-time PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control. The sequences of the primers used for real-time PCR are shown in Table 4 .
RACE analysis
5Ј-RACE analysis was performed using the RExactSTART eukaryotic mRNA 5Ј-and 3Ј-RACE kit (EPICENTRE, Madison, WI) (catalogue no. ES80910) according to the manufacturer's instructions. PCR amplification of the 5Ј-end of human primary miR-101-1 was performed using the Racer 5Ј-primer and a gene-specific reverse primer ( Table 5 ). The amplified RACE product was subjected to sequence analysis. Real-time PCR were performed using total RNA isolated from the lung tissues of IPF patients. n ϭ 10 for the Ͻ50% FVC group, n ϭ 10 for the 50 -80% FVC group, and n ϭ 8 for the Ͼ80% predicted. The expression level was relative to GAPDH.
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Construction of plasmids
3Ј-Untranslational region (3Ј-UTR) reporter vectors-The
3Ј-UTR of FZD4, FZD6, and TGFBR1 were amplified by PCR using specific primers (Table 6 ) from human genomic DNA (Promega, Madison, WI). The 3Ј-UTR fragments were inserted downstream of the firefly luciferase gene using the pmirGLO Dual-Luciferase miRNA target expression vector (Promega, Madison, WI) at the NheI and SalI sites. pmirGLO also contains the Renilla luciferase gene for normalization.
miRNA expression vectors-Mature miR-101-1 plus ϳ200-bp flanking sequences at each end were amplified by PCR using specific primers (Table 6 ) from human genomic DNA. The 
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fragments were inserted into adenoviral and lentiviral vectors at the XhoI and EcoRI sites as described previously (39, 40) . The control vector was constructed with a similar size of genomic DNA that did not contain any miRNAs or stem-loop structures.
shRNA vectors-All of the shRNAs were designed by the BLOCK-iT TM RNAi designer software from Invitrogen. shR-NAs were inserted into the pSIH-H1 vector (System Biosciences, Mountain View, CA), which utilizes the H1 promoter to drive shRNA expression. The shRNA sequences are listed in Table 6 . A control vector containing scrambled shRNA was purchased from System Biosciences.
FZD4, FZD6, and TGFBR1 expression vectors-
The open reading frame of FZD4, FZD6, and TGFBR1 was amplified by PCR using specific primers (Table 6 ) from mouse cDNA clones purchased from OriGene (FZD4, catalogue no. MC203860; FZD6, catalogue no. MC204555; TGFBR1, catalogue no. Figure 10. Overexpression of FZD4, FZD6, or TGFBR1 rescues miR-101-mediated inhibition of fibroblast proliferation and activation. a-d , knockdown of TGFBR1 repressed the TGF-␤1-induced mRNA expression of ␣-SMA, COL1A1, COL3A1, and COL4A1 in fibroblasts. LL29 cells were treated with lentivirus shRNA-TGFBR1 or the virus control at an m.o.i. of 50 for 48 h. Then, the cells were stimulated with 5 ng/ml TGF-␤1 for 48 h. The ␣-SMA, COL1A1, COL3A1, and COL4A1 mRNA expression levels were determined by real-time PCR. The expression levels were relative to GAPDH from two cell preparations, each performed in duplicate. The results are presented as the mean Ϯ S.D. **, p Ͻ 0.01. e and f, overexpression of FZD4 or FZD6 rescues the miR-101-mediated inhibition of fibroblast proliferation. LL29 cells were split into 96-well plates at 3,000 cells per well. After a 24-h culture, cells were infected with lentiviruses at a total of m.o.i. ϭ 50 (miR-Con miR-101, GFP, FZD4, and FZD6 at m.o.i. ϭ 25 each, virus control (VC) ϭ miR-Con ϩ GFP) for 48 h. Cells were starved for another 24 h and stimulated with WNT5a (1 g/ml) for 12 h. FZD4 and FZD6 expression was determined by Western blotting by using anti-GFP antibody. Cell proliferation was determined by BrdU assay. Data were presented as mean Ϯ S.E. Statistical analysis was performed by ANOVA and followed by Tukey's HSD test. n ϭ 4. **, p Ͻ 0.01. g-j, overexpression of TGFBR1 rescues miR-101-mediated inhibition of ␣-SMA, COL1A1, and COL3A1 mRNA expression. LL29 cells were infected with lentiviruses at a total of m.o.i. ϭ 50 (miR-Con, miR-101, GFP, and TGFBR1 at m.o.i. ϭ 25 each, virus control ϭ miR-Con ϩ GFP) for 48 h. Cells were then stimulated with TGF␤1 (5 ng/ml) for 48 h. Cells were collected for real-time PCR. The results are presented as the mean Ϯ S.E., n ϭ 3. ANOVA followed by Tukey's HSD test was performed. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. MR20891) . The fragments were inserted into the lentiviral vector as used for miR-101 expression above at the XhoI and NheI sites for FZD4, XhoI and EcoRI sites for FZD6, and NotI and EcoRI sites for TGFBR1. The 3Ј terminus of open reading frame of FZD4, FZD6, and TGFBR1 was fused with the 5 terminus of GFP, resulting in FZD4-GFP, FZD6-GFP, or TGFBR1-GFP fusion protein. A lentiviral vector containing GFP was used as a control.
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Anti-miR-101 vector-The shRNA against miR-101 was constructed as described above. The sequence for anti-miR-101 was AGTTATCACAGTGCTGATGC, which is partially complementary to mature miR-101.
miR-101 promoter vectors-The 5Ј-flanking region of miR-101-1 (Ϫ2388 to ϩ80) and RCL1/miR-101-2 (Ϫ2187 to ϩ107) was amplified by PCR using specific primers (Table 6 ) from human genomic DNA. The fragments were inserted into the luciferase reporter vector pGL3-Basic (Promega, Madison, WI). Overlapping PCR was used to construct the mutant miR-101 promoters on the ETS-binding sites. The conserved ETSbinding site 1 (CCGGAAG) and site 5 (TTTCCTA) in human miR-101-1 promoter and ETS-binding site 2 (ATTCCTC) in human miR-101-2 promoter were mutated. Two fragments of a promoter with overlapping mutation sites were first PCR-amplified using two primer sets. The annealing two fragments were then used as a template to amplify the mutant promoter.
The primer sequences are listed in Table 6 . All of the inserts in the plasmid constructs described above were confirmed by DNA sequencing.
Production of lentiviruses and adenovirus
Lentiviruses were produced using the Lenti-X TM HTX packaging vectors (Clontech) in HEK 293T cells. For the production of the adenovirus, a pENTR vector was switched into the adenoviral vector pAd/PL-DEST using the gateway technique (Invitrogen). The obtained adenoviral vector was linearized by PacI and transfected into HEK 293A cells to produce virus. Adenovirus was further amplified by re-infecting HEK 293A cells. The adenoviruses were concentrated and purified with the Adenovirus Standard Purification ViralKit TM (VIRAPUR, San Diego). The virus titer was determined by infecting HEK 293T or HEK 293A cells with a series of dilutions of the viral stock and counting the virus-infected green fluorescent protein (GFP)-positive cells.
Cell culture
HEK 293T cells and lung fibroblasts (IMR-90, HFL1, CCD-8Lu, and LL29) were purchased from the American Type Culture Collection (ATCC) (Manassas, VA). HEK 293A cells were purchased from Invitrogen. IMR-90 and HFL1 cells were human diploid fibroblasts derived from fetal lungs. CCD-8Lu and LL29 cells were human fibroblasts isolated from the lungs of a normal adult and an IPF patient, respectively. The cells were grown and maintained with the following media supplemented with 10% fetal bovine serum (FBS): HFL1 and LL29 cells, F12K medium (Kaighn's modification of Ham's F-12 medium); and IMR-90 and CCD-8Lu, Eagle's minimum essential medium.
Isolation of mouse lung fibroblasts
Primary lung fibroblasts were isolated from the lungs of saline or bleomycin-treated mice according to the previously described protocol (41) . The cells were cultured in DMEM containing 10% FBS and used at passages 3-9.
Dual-Luciferase assay
For the 3Ј-UTR luciferase reporter assay, HFL1 cells were seeded onto a 96-well plate at a density of 2 ϫ 10 4 cells per well and transfected with 5 ng of a 3Ј-UTR luciferase reporter plasmid and 100 ng of an miRNA overexpression vector using Lipofectamine TM 2000 (Invitrogen). For the promoter luciferase reporter assay, HFL1 cells were seeded onto a Table 3 Real-time PCR primers for miRNAs FW is forward, and RE is reverse.
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Primer name
Primer sequence 
Cell proliferation
LL29 cells were split into a 96-well plate. On the 2nd day, the cells were infected with a lentivirus expressing miR-101, shRNA, or the control at a multiplicity of infection (m.o.i.) of 50. After 48 h of virus infection, the cells were serum-starved for 24 h and then stimulated for 12 h with 1 g/ml of WNT5a. Cell proliferation was determined using the BrdU cell proliferation kit (Millipore, Billerica, MA). For BrdU staining, 10 M BrdU (Abcam, Cambridge, MA) was added to the culture medium for 24 h. The cultures were fixed in 4% paraformaldehyde for 30 min, treated with 2 N HCl for 30 min, and then proceeded to 
TGAAACACGAGAGGGCAACGAAGA Ϫ1596 Table 6 Primers for the construction of plasmids FW is forward, and RE is reverse.
3-UTR reporter vectors (human)
pmiRGLO-FZD4-UTR-S1-FW TATTGCTAGCAGTGAGACTGTGGTATAAGGCT pmiRGLO-FZD4-UTR-S1-RE 
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immunocytochemical analysis. The primary antibody was mouse anti-BrdU monoclonal antibody (1:100, Abcam). Secondary antibody was goat Alexa Fluor 546-conjugated antimouse IgG (1:300) (Molecular Probes, Eugene, OR). Nuclei were stained with DAPI.
Gel contraction activity
LL29 cells were infected with a lentivirus expressing miR-101 or the control at an m.o.i. of 50 for 48 h. The cells were treated with TGF-␤1 (5 ng/ml) for 72 h. Then, the cells were mixed with collagen I to a final density of 1 ϫ 10 5 cells per ml and a final concentration of 1 mg/ml collagen I. Gel images were taken at 48 h and quantitatively analyzed using ImageJ software.
Western blotting
Protein samples were separated on 12% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Primary antibodies and dilutions used for Western blotting included the following: goat anti-FZD4 (catalogue no. sc-66450, 1:1,000 dilution), rabbit anti-COL1A1 (catalogue no. sc-8784-R, lot no. J3013, 1:500 dilution), rabbit anti-COL3A1 (catalogue no. sc-8780-R, lot no. L1010, 1:500 dilution), rabbit anti-NFATc2 (catalogue no. c-23815, lot no. A1510, 1:200 dilution), rabbit anti-TGFBR1(catalogue no. sc-398, lot no. H1310, 1:500 dilution), rabbit anti-H1(catalogue no. sc10806, 1:1,000 dilution), and mouse anti-ETS2 (catalogue no. sc-365666, 1:1,000 dilution) (Santa Cruz Biotechnology); rabbit anti-FZD6 (catalogue no. ab98933, lot no. GR61807-1, 1:1,000 dilution), rabbit anti-WNT5a (catalogue no. ab72583, 1:1,000 dilution), mouse anti-ETS1 (catalogue no. ab96478, lot no. GR92236-1, 1:1,000 dilution), and mouse anti-GAPDH (catalogue no. ab181602, 1:4,000 dilution) (Abcam, Boston, MA); mouse anti-␣SMA (catalogue no. A2547, 1:1,000 dilution) (Sigma) (Cell Signaling, Beverly, MA); anti-␤-actin (catalogue no. A2066, lot no. 029k4838, 1:2,000 dilution) (Sigma). Secondary antibody (horseradish peroxidase-conjugated Immuno-Pure anti-IgG; HϩL) was used at a dilution of 1:5,000. The blots were developed with Super Signal West Pico Luminol Enhancer solution and Super Signal West Pico stable peroxidase solution.
Immunocytochemistry LL29 cells were split into an 8-chamber slide at a density of 2,000 cells per chamber. The cells were fixed for immunocytochemical analysis. The primary antibody was rabbit anti-NFATc2 (catalogue no. sc-23815, lot no. A1510, 1:300 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibody was Alexa Fluor 488-conjugated anti-rabbit IgG (1:300) (Molecular Probes, Eugene, OR).
Enzyme-linked immunosorbent assay
LL29 cells were split into a 6-well plate at a density of 200,000 cells per well. After 24 h of culture, the cells were infected with a miR-101 lentivirus at an m.o.i. of 50 for 48 h. Then, the cells were stimulated with TGF-␤1 (5 ng/ml) for 0, 5, 15, 30, 60, and 120 min. The cells were lysed for an enzyme-linked immunosorbent assay (ELISA) performed using the PathScan Phospho-Smad2 (Ser-465/467)/Smad3 (Ser-423/425) Sandwich and PathScan Total Smad2/3 Sandwich ELISA Kit (Cell Signaling) according to the manufacturer's instructions.
Mouse model of bleomycin-induced pulmonary fibrosis
The animal procedures were approved by the Institutional Animal Care and Use Committee at Oklahoma State University. C57BL/6 male mice (6 -8 weeks old) were divided into four groups: saline and control virus; saline and miR-101 virus; bleomycin and control virus; and bleomycin and miR-101 virus. On day 0, 60 l of miR-101 adenovirus or control virus (5 ϫ 10 9 infectious units (IU) per mouse) were delivered into the lung intranasally. On day 1, 60 l of bleomycin (0.06 units/mouse) or saline was delivered intranasally. On day 14, respiratory mechanics were determined using the FlexiVent (Scireq, Montreal, Canada). Then, the left lung was collected for the RNA, protein, and collagen content analyses. The right lung was fixed in 4% paraformaldehyde for histological analysis. The degree of fibrosis in the mouse lung was determined following the published method (42) .
Hydroxyproline assay
The amount of collagen in the lung tissues was determined by the hydroxyproline assay according to the manufacturer's protocol (QuickZyme Biosciences, Netherlands) and expressed as micrograms per mg of lung tissue.
Statistical analysis
The data presented in the figures are the means Ϯ S.E. or standard deviation. Statistical analyses were performed using Student's t test for two group comparisons, and analysis of variance (ANOVA), followed by Tukey's HSD test for multiple comparisons. A p value Ͻ0.05 was considered to be significant.
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